Abstract-A low phase noise oscillator operating at 9.2 GHz is presented. A cylindrical metal cavity with air as dielectric is used as the resonator. To minimize the phase noise of the oscillator, the resonator must be designed to have a high quality factor (Q-factor). A high Q-factor is obtained by designing the resonator to operate in the TE 011 mode. A tuning screw is used to tune the resonant frequency without significantly affecting the Qfactor, while also separating the resonant frequencies of the degenerate TE 011 and TM 111 modes. The signal is coupled to the resonator by means of rectangular apertures. The coupling is designed to minimize the phase noise of the oscillator. A dual mode waveguide filter was developed and inserted into the oscillator loop in order to prevent oscillation at unwanted frequencies. The output signal of the oscillator was measured at different locations in the loop and clearly showed that the resonator can be used as a filter to minimize the phase noise. Phase noise levels of -115 dBc/Hz and -146 dBc/Hz were obtained at offset frequencies of 10 and 100 kHz.
INTRODUCTION
Oscillators are essential building blocks in wireless transmitter and receiver systems and serve as frequency references [1] . An oscillator inherently consists of an active device (amplifier), a frequency selective element (resonator) and an amplitude limiting element [2] . The quality of an oscillator is determined by the stability of its frequency and phase noise performance is a measure thereof [3] .
The focus of this paper is to develop an affordable low noise oscillator circuit by using a simple air filled metallic cylindrical cavity resonator cascaded with a cavity filter as the frequency selective element, a medium power amplifier and a mechanically tunable phase shifter. The phase noise performance of this simple oscillator will be compared to more sophisticated oscillators in the last section.
The phase noise performance of an oscillator is largely determined by the loaded Q-factor of the resonator. It follows that phase noise performance can be improved by increasing the loaded Q-factor of the resonator [4] . The cylindrical TE 011 mode has a higher unloaded Q-factor than the dominant TE 111 mode, but is in degeneracy with the TM 111 mode. Tolerances in manufacturing can result in an incorrect operating frequency, making it necessary to tune the frequency of the resonator. The frequency of the TE 011 mode can be tuned by inserting a tuning screw at one of the endplates of the cavity, extending in the axial direction. The Q-factor will not be significantly influenced by the screw due to the circular direction of the surface current on the endplates, i.e. no currents will flow in the axial direction on the screw and through the contact with the cavity endplate. The screw will also separate the resonant frequencies of the degenerate TM 111 and TE 011 modes. An optimum two port coupling was determined in order for the resonator to minimize the phase noise of the oscillator. A filter was inserted into the oscillator loop to suppress spurious modes of the resonator as a cascade element in a feedback loop and to ensure oscillation at the desired frequency. Low noise oscillator design techniques, as described in [5] , are used to ensure the best phase noise performance.
II. RESONATOR

A. Design
A cylindrical cavity resonator operating in the TE 011 mode is designed to ensure a resonator with a high Q-factor and tunable frequency. The ratio of the dimensions of the cavity is designed so that the cavity has the highest unloaded Q-factor obtainable with this mode. This ratio is calculated via a Q chart [6] as 2a = h, where a is the radius and h is the height of the cavity. The dimensions of the cavity are calculated with the waveguide equations [7] to be resonant at 9.2 GHz as h = 42.9576 mm and a = 21.4788 mm.
The frequency of the resonator is tuned with a screw that has a diameter of 8.8 mm and a maximum length of 12.7 mm. The screw is inserted at the top endplate of the cavity where the TE 011 mode's H-field has a maximum. Equation (1) indicates that when magnetic energy dominates in the volume removed by the screw, the resonant frequency will increase. Alternatively, if electric energy dominates in the volume removed by the screw, the resonant frequency will decrease [8] .
where Δ is the shift in resonant frequency, the nominal resonant frequency, Δv the volume removed, v the total volume of the cavity, μ the permeability, H the magnitude of the magnetic field, ε the permittivity, E the magnitude of the electric field, Δ the time averaged magnetic energy removed, Δ the time averaged electric energy removed and U is the time averaged total stored energy.
Due to the position of the screw, it follow frequency increases when the screw is insert cavity. Fig. 1 and Fig. 2 , obtained from a shows the resonant frequencies of the TE 011 where the parameter l_perturbation on the xdistance that the screw is inserted into the cav inserting the screw deeper into the cav separation of the resonant frequencies of the t Coupling to the resonator is via rectangu coupling is designed to enable the resonato phase noise of the oscillator and to avoid cou mode. Optimum coupling for minimum phase when the input and output couplings are eq insertion loss and return loss are 6 dB [9] . Th Q l = 0.5Q u = 0.5Q e , where Q l , Q u and Q unloaded-and external Q-factors. The unl obtained via a lossless simulation performed eiegenmode solver and adding the effects of post processing step. The resonator is coupl rectangular X-band waveguides. The waveg through 90 degrees in order for the H-field c TE 011 mode of the resonator to be parall components of the TE 10 mode of the input/o to ensure excitation and reception of the TE taken to avoid coupling to the TM 111 mod apertures at 90 degrees from each other, wh the TM 111 mode is zero. The field patterns TE 01 and TM 11 and rectangular TE 10 
B. Measurements
After the resonator is manu µm layer of silver to further i The manufactured structure wi waveguides removed is shown as measured on a HP8510 vect shown in Fig 6 . s are placed at the center of the H-field of the TE 011 mode is the f the apertures to achieve the via parameter sweeps performed structure as lossless with the obtaining the dimensions that oretical unloaded Q is 23 494. resulting simulated s-parameters ained via a simulation performed in CST ufactured, it is plated with a 10 increase the unloaded Q-factor. ith the top endplate and feeding n in Fig. 5 and the s-parameters, tor network analyzer (VNA) are The theoretical and measured loaded resonator at the center frequency are 11 respectively. The silver plating has increas factor of the resonator, but the insertion lo have deviated further from 6 dB. The return loss of the unplated resonator was measured a dB, respectively, with a loaded Q-factor o shows the theoretical and measured loaded plated resonator at its lowest, center and frequency. 
A. Measurements
In order for the oscillator to have minimu phase around the loop is adjusted to be zero phase slope of the resonator and the gain ma to operate the active device near its linear reg of the oscillator is shown in Fig 7. r.
Q-factors of the 501 and 11 467, sed the loaded Qss and return loss loss and insertion as 6.7 dB and 6.05 of 9213. um phase noise, the o at the maximum argin is kept small gion. A photograph Two different configuration noise of the oscillator. In the taken after the amplifier, wher the output is taken after the re these measurements is the HM powered via a low noise voltag measured on an R&S®FSUP-B phase noise results of the o configurations are shown in Fig   Fig. 8 . Phase noise measurement of os the amplifier.
ns are used to measure the phase first configuration the output is reas in the second configuration esonator. The amplifier used in MC451LC3 from Hittite and is ge regulator. The phase noise is B60 signal source analyzer. The oscillator measured in the two g. 8 and Fig. 9 .
cillator by taking the output power after The Leeson frequency is defined as [11] f L v 2Q
= 400 kHz where f L is the Leeson frequency and v frequency. It is clear that by taking the resonator has the advantage that the resonato at frequencies greater than the Leeson frequ levels, measured with the second c -114 dBc/Hz and -138 dBc/Hz are ob frequencies of 10 and 100 kHz. One mor performed with a different amplifier, DB01-to investigate the effect of using an ampli noise figure and a lower flicker corner oscillator is set up in the first configuration phase noise measurement is shown in Fig. 10 g the output power after (2) v 0 is the operating output after the or filters the signal uency. Phase noise configuration, of bserved at offset re measurement is 0485 from Narda, ifier with a lower r frequency. The n and the resulting 0. The plot reveals that the ph oscillator described in this p oscillator set up in the first configuration ifier.
e measurement is a consequence evice with a low noise voltage formance has improved by using ise figure and low flicker corner of -115 dBc/Hz and -146 dBc/Hz ies of 10 and 100 kHz.
lly available oscillators es of the oscillator, shown in ompared to the phase noise mercially available low noise erformance, whose components nd the phase noise performance [12] . The two high performance HMC-C200 from Hittite and the on Scientific Instruments (PSI) or oscillators (DRO). The phase Fig. 11. ommercially available, low noise, high se STALO and the oscillator described hase noise performance of the paper, using a medium power active device with a high noise figure and a high flicker corner frequency, is comparable to commercially available, low noise, high performance oscillators. By using an active device with a lower flicker corner frequency and lower noise figure, the phase noise performance of the oscillator is further improved. The ultra-low-noise STALO shows excellent phase noise performance compared to the other oscillators and is much more complex than the oscillator described in this paper. It should be noted that this oscillator is temperature controlled and the cavity operates in the TE 023 mode which has a higher unloaded Q-factor. Operation in this high Q mode results in a bigger physical structure.
IV. CONCLUSIONS
A low phase noise oscillator was developed. Coupling to a resonator operating in the TE 011 mode with the correct coupling values minimizes the phase noise of an oscillator. Inserting a screw extending in the axial direction at one of the endplates of the cavity separates the resonant frequencies of the degenerate TM 111 and TE 011 modes and does not significantly affect the Qfactor of the TE 011 mode. Phase noise performance at frequencies greater than the Leeson frequency can be improved by taking the output after the resonator. Using an amplifier with a low noise figure, low flicker corner frequency and powering the device with a low noise voltage regulator further improves phase noise performance. Outstanding phase noise performance was obtained and is comparable to commercially available, low noise, high performance oscillators whose components are not cryogenically cooled.
